The rotational properties of the neutron rich Nd and Sm isotopes with mass number A ≈ 150 are systematically investigated using the cranked shell model with pairing correlations treated by a particle-number conserving method, in which the Pauli blocking effects are taken into account exactly. The 2-quasiparticle states in even-even Nd and Sm isotopes with excitation energies lower than 2.5 MeV are systematically calculated. The available data can be well reproduced and some possible 2 and 4-quasiparticle isomers are also suggested for future experiments. The experimentally observed rotational frequency variations of moments of inertia for the even-even and odd-A nuclei are reproduced very well by the calculations. The effects of high-order deformation ε 6 on the 2-quasiparticle excitation energies and moments of inertia of the ground state bands in even-even Nd and Sm isotopes are analyzed in detail. By analyzing the occupation probability n µ of each cranked Nilsson orbitals near the Fermi surface and the contribution of each major shell to the angular momentum alignments, the alignment mechanism in these nuclei is understood clearly. * zhzhang@ncepu.edu.cn
I. INTRODUCTION
whereξ (η) labels the time-reversed state of a Nilsson state ξ (η), q 2 (ξ) = 16π/5 ξ|r 2 Y 20 |ξ is the diagonal element of the stretched quadrupole operator, and G 0 and G 2 are the effective strengths of monopole and quadrupole pairing interaction, respectively.
Instead of the usual single-particle level truncation in conventional shell-model calculations, a cranked many-particle configuration (CMPC) truncation (Fock space truncation) is adopted, which is crucial to make the PNC calculations for low-lying excited states both workable and sufficiently accurate [27, 56] . Usually a CMPC space with the dimension of 1000 should be enough for the calculations of rare-earth nuclei. By diagonalizing the H CSM in a sufficiently large CMPC space, sufficiently accurate solutions for low-lying excited eigenstates of H CSM can be obtained, which can be written as
where |i is a CMPC (an eigenstate of the one-body operator H 0 ).
The angular momentum alignment for the state |Ψ is
and the kinematic MOI of state |Ψ is
Because J x is a one-body operator, the matrix element i|J x |j (i = j) may not vanish only when |i and |j differ by one particle occupation [26] . After a certain permutation of creation operators, |i and |j can be recast into
where µ and ν denotes two different single-particle states, and (−1)
according to whether the permutation is even or odd. Therefore, the angular momentum alignment of |Ψ can be expressed as
where the diagonal contribution j x (µ) and the off-diagonal (interference) contribution j x (µν)
can be written as j x (µ) = µ|j x |µ n µ ,
and
is the occupation probability of the cranked orbital |µ , P iµ = 1 if |µ is occupied in |i , and P iµ = 0 otherwise. experimental odd-even differences in nuclear binding energies [60] ,
III. NUMERICAL DETAILS
where E g is the ground state energy of the nucleus, and are connected with the dimension of the truncated CMPC space. In this work, the CMPC space is constructed in the proton neutron odd-even difference P n for Nd (upper panel) and Sm (lower panel) isotopes. It can be seen that the data can be well reproduced. In principal, the pairing strengths should be different for each nucleus. Note that for some neutron rich Nd and Sm nuclei, the experimental binding energy is not accurate [60] . Therefore, in the present work the pairing strengths for all nuclei are chosen as the same value to get a global fit. Previous investigations have shown that after the quadrupole pairing being included, the description of experimental band-head energies and the level crossing frequencies can be improved [61] . As for the quadrupole pairing, the strength is determined by the bandhead MOIs in the present work. The quarople pairing is also included in the projected shell model when investigating the Nd and Sm isotopes, in which BCS method is used to treat the pairing correlations [23] .
In the projected shell model, the quadrupole pairing strength is chosen to be proportional to the monopole pairing strength with proportionality constant 0.18 [23] . As for this point, this proportionality is much smaller in the present work (less than 0.1). However, the PNC method is different from the BCS method. Therefore, the effective pairing strength should be different.
The stability of the calculations against the change of the dimension of the CMPC space isotopes. The experimental binding energies are taken from Ref. [60] .
has been investigated in Refs. [26, 41, 56] . In present calculations, almost all the CMPCs with weight > 0.1% in the many-body wave functions are taken into account, so the solutions to the low-lying excited states are accurate enough. A larger CMPC space with renormalized pairing strengths gives essentially the same results.
IV. RESULTS AND DISCUSSION

A. Cranked Nilsson levels
As an example of Nd and Sm isotopes around A ≈ 150 mass region, the calculated [55] . The deformation parameters ε 2 = 0.258, ε 4 = −0.053 and ε 6 = 0.038 are taken from Ref. [57] . In addition, the neutron orbital ν5/2 + [642] is shifted upwards slightly by 0.07 ω 0 to reproduce the experimental level sequence.
B. 2-qp excitation energies in even-even Nd and Sm isotopes
A series of 2-qp isomers have been observed experimentally in even-even Nd and Sm isotopes at A ≈ 150 mass region [16, [19] [20] [21] [22] , which provide detailed information for these neutron rich nuclei. It should be noted that in this mass region, the high-order deformation ε 6 is remarkable [57] , and have a measurable effect on the structure of these nuclei, e.g., the inclusion of ε 6 will alter the the 2-qp excitation energy about 250 keV [20] . Systematically calculated 2-qp states in even-even Nd isotopes with excitation energies lower than 2.5 MeV are shown in Table II . E cal and E * cal denote the calculated results with and without ε 6 deformation, respectively. In addition, the energy differences |∆E| = |E cal − E * cal | are also shown in the last column. It can be seen that, the data are reproduced quite well by the PNC-CSM calculations no matter whether the ε 6 deformation is considered or not. This indicates that the adopted single-particle level scheme is suitable for the PNC-CSM calculations. The energy differences |∆E| for these four observed 2-qp states are all less than 100 keV. It seems that the ε 6 deformation has small effects on the excitation energies of these 2-qp states. However, if one see through Table II , the effects of ε 6 deformation are prominent in some 2-qp states. For example, the excitation energy of 3 + state with configuration
Nd is lowered by 439 keV after the ε 6 deformation being neglected. This is because after the ε 6 deformation is switched off, the sequence of the single-particle levels is changed. The root-mean-square deviation between E cal and E * cal is about 130 keV. Therefore, the ε 6 deformation still has remarkable effects on the excitation energies of the 2-qp states. Due to the large shell gap at Z = 60, the energies of the proton 2-qp states in Nd isotopes are all quite high. However, with increasing neutron number, the energy of the lowest proton 2-qp state with K π = 4 + in each Nd isotopes decreases from more than 2.0 MeV to about 1.6 MeV, which may be observed in future experiments. The lowering of the excitation energy of K π = 4 + state is caused by the decreasing of the Z = 60
shell gap with increasing neutron number. Since the proton-neutron residual interaction is neglected in the PNC-CSM calculations, the excitation energies of the 4-qp states with two quasi-protons and two quasi-neutrons can be simply obtained by summing the energies of the corresponding 2-qp states. Especially for 160 Nd, the excitation energy of the 4-qp
) is only about 2899 keV from PNC-CSM calculation. Therefore, I hope this state can be observed by future experiments. [21] . The available data are also reproduced quite well by the PNC-CSM calculations, especially after the ε 6 deformation being considered.
From Table III it can be seen that, the effects of ε 6 deformation on Sm isotopes are more prominent than Nd isotopes. The root-mean-square deviation between E cal and E * cal is about 260 keV, which is consistent with the potential energy surface calculations in Ref. [20] . In Ref. [16] Furthermore, the rotational bands observed in Nd and Sm isotopes are analyzed. Figure 3 shows the experimental (solid circles) and calculated (solid black lines) kinematic MOIs J 
separately for each signature sequence within a rotational band (α = I mod 2). The relation between the rotational frequency ω and nuclear angular momentum I is
where I x (I) = (I + 1/2) 2 − K 2 , K is the projection of nuclear total angular momentum along the symmetry z axis of an axially symmetric nuclei. with the rotational frequency increasing, the ε 6 deformation may become smaller. It also can be seen that at the low rotational frequency region, ε 6 deformation has little effect on the MOIs, while with increasing rotational frequency, it will change the behavior of MOIs.
This is because the ε 6 deformation will change the position of the high-j orbitals, and then influence the alignment process of these orbitals in high-spin region [42, 62] . Note that the deformation parameter ε 6 is fixed in the present PNC-CSM calculation, while it may change with the rotational frequency. I expect that after considering this effect, the results can be improved further. The experimental MOIs of even-even Nd and Sm isotopes show that the upbending is weak and becomes less and less obvious with increasing neutron number. To understand this, the occupation probability n µ of each orbital µ (including both α = ±1/2) near the Fermi surface for the GSBs in Nd isotopes is shown in Fig. 4 . The top and bottom rows are for protons and neutrons, respectively. The positive (negative) parity levels are denoted by blue solid (red dotted) lines. The Nilsson levels far above the Fermi surface (n µ ∼ 0) and far below (n µ ∼ 2) are not shown. In the PNC-CSM, the total particle number N = µ n µ is exactly conserved, whereas the occupation probability n µ for each orbital varies with rotational frequency. By examining the ω-dependence of the orbitals near the Fermi surface, one can get some insights on the band crossing. It can be seen from the upper panel of Fig. 4 It is well known that the upbending is caused by the alignment of the high-j intruder orbitals [63] , which corresponds to the neutron i 13/2 and proton h 11/2 orbitals in rare-earth nuclei. In order to have a more clear understanding of the alignment mechanism in these neutron rich nuclei, the contribution of each proton and neutron major shell to the total angular momentum alignment J x for the GSBs in Nd isotopes are shown in Fig. 5 . It can be seen that for proton, the main contribution to the angular momentum alignment comes from the N = 5 major shell (h 11/2 orbitals). Moreover, the contribution gradually increases with increasing neutron number. While for neutron, the contribution from N = 6 major shell (i 13/2 orbitals) is prominent only in 152 Nd and 154 Nd. In 156,158,160 Nd, the contribution from N = 6 major shell gets as smaller as N = 5 major shell. This is due to the fact that with neutron number increasing, the high-j but high-Ω orbital ν7/2 + [633] gets close to the Fermi surface, which contributes not very much to the alignment. Therefore, one can get that different from a typical nucleus, in which the upbending is caused by whether the neutron or the proton alignment, both neutron and proton alignments contribute to the upbending in these neutron rich Nd and Sm isotopes. In the lighter Nd and Sm isotopes, the alignment is due to both neutron i 13/2 and proton h 11/2 orbitals. Meanwhile, the proton h 11/2 orbitals play a more and more important role in the alignment process with neutron number increasing. The competition between the alignment of proton and neutron high-j orbitals makes the upbending in these Nd and Sm isotopes very weak and less obvious with increasing neutron number. Except even-even Nd and Sm isotopes, some 1-qp rotational bands, including both the ground and the excited state bands, have been identified in the odd-A nuclei, which can provide more detailed information on the single-particle structure for these neutron rich nuclei. Figure 7 shows the experimental and calculated kinematic MOIs J (1) of the GSBs for odd-A Nd and Sm isotopes. The available data are taken from Refs. [17, 58, 59] . The isotopes. The data are taken from Refs. [14, 17, 18, 59] .
are shown in Fig. 8 . The data are taken from Refs. [14, 17, 18, 59] . It can be seen from 
